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A study of tbc transfer pmpc.rtics  c)f 1.1’1846 was initiated with a swim of stat ic
tcsls designed to cslablish  a safety emvclojm  for the lralldlirlg  of liquic]  propellant uHdcI
dynamic conditions. A ]) Icss~]Ic/tc.])~ ])cIatL]ic  cnvc.lojm has bccm ick.mtificcl  ancl i~,nition  01
fulm-offof1.1’1846 at various conditions IIas been cvalufilc41.  l’umping  tests wmc tllc])
Cxmductcd  at about onc-tenth scale, fimt with wat m to proof tbc systcm,  tlwm with a
suitable, simtllant and finally with liquid  ]mq)cllanto  Scalitlg was accomp]ishcd  in two
ways; 1) matching the Reynold’s nwnbc] at full-scale vs. one-tenth scale, and, 2)
n]atc}lillg  the mean flow velocity in the hose m ]Jipc.

“J’lm ])umpiiig  studies dcs(xit)cd  ill this Iq)m L were carried CM at the J e t
I’J opulsim 1 .abm story, California lnstitu(c of ‘1’cchlm]o~,y,  under lbc sponsorship of tlm
11. S. ATmy Research, llcvchpncnt  and lh~gincclin:,  Center through an a~rccmcnl with
the National Aeronautics a[d Spacz A(ll~~itlisttati(~l\.

1.}’ XM46, the ,vclcct(~d])roj)  cliattt  for A1;AS, offprs significant logistical odvanlogcs.
l’unlp lfonsfcr will c.nhmcc resupply  opcraticm  [ltld combat cjkctivcnc,w;  howc.vcrj

pump tromfcr  of],)’ cJl logistic ,vystml rquircj)mlt.v  h not bcm dcmomtrotcd

‘J’hc  lJ. S. Army has sclc.c[cdXM461.iquid 1 ‘J OpCllaIN  (J .1’) as tllc. dcsiml
lno])cllan~ for the Advanced l~icld Artillcl y Systcm, 1 Y, as an inscnsi[ivc  munitionj
of fC.1’~  lCdllC[i(Mls  it)  thC ha7al”dS,  COSfS  a n d  Vll]l)CIabi]itifX  aSSOCiatd  with  CUrJCHlt  S()]id
p o])c]]anls.  ]~rom a ]o[:isticx  standpoint, ],]’ offcjs itm”cmcd packaging, cfficicncy,
mluccd  clunnagc,  incmasc,d  cfficicl]cy of mnsjm [crs and the Jwtcntial  for a significant
rc41ucticm irl tbc time rc,quimd fol transfer of IIlunitiolls  10 the rcsu]yly  vcbiclc  and then to
the :un. ‘J”his last advantage is obtained tllroup,h  pwnp transfc~ of pml)cllan[ frwn
Conlaincr  to on-bc)ard  slorfigc  on lhc lcsup]dy  vchic]c  and subscqucrli]y  to the sun itsc]f.
1 ‘LunJ)  t ransfc~” may bc accomJdishcd with rclat ivcl y simp]c clcviccs  whcJI  cx)mparcd  to

cquipmcnl  required  for automatczl  trmsfcr  and hmdl ins c)f contain c.ri7,cd munitions.

1 lowcvcr,  pulnJ) transfer of 1 Y undc.r  c(mdilions  cmvisioncd in tbc ]ogi slim
cmvimnmcmt  has not been dcmmstratcd, Commms  have bccm cxprcsscc] rcgardinp,
ccr[aiu aspects of the pumping systcm. ‘1’lmc imludc  ]m>Jwllant comprcssim  i~nition
sensitivity , cxpmmc  to shock hazards, effects of disso]vc.cl  or entrained gasc.s,

l)istributim]  Autlmimxj  to l)cparhncrr[  of I)cfcnsc  rrIIct  1X)1) CoIl~ractoIs  OJIly,  Crit ical  3’ccIIIioIogy,  odobcr,

] 993.  oh ~cqrrcst$ for lhis l)ocunlclll  Shall IJc. kcfcr~cd  10 office  of the. 1’~ojcct  Mamgc.t  fot the Advrinccd
I’icld Artillc.ry  Systcrn,  AIIII: SI’AIi-ASh4-AI’, l)ic[ttillrly  AIscIIal, NJ 07806-5000



l’CiiSOIIS,  a tcsl pmgmm 10 gain insights into the. trallsfcr properties of 1,1’ 1846 undcl-
dynmic (pulllping  and transfer) conditions was initiiitcd. Results of these  investigations
will assist in the formulation of additional lcs[s and pmvidc  information necessary in
pump transfer system design and component SCICCliO)),

Scol’1’;

llcmomlrfllion  and chmmYcri7fltion oflll)  trattsfcr  by pumping at scold rwtm
cornmn.wwc with opcrolimml  rajuircwm  Am him m:corrtplishcd.

A tcsl fixture to dcmollslrfitc  and Cvaluatc  pump transfer of ] .]’ at ]/] oth scii]c hiis
bccl) dcvc]opcd,  (’1’hc current OpCrati(Mlal  required 1 ate is 50  gpnl.)  ]dcntificat  iol~ and
selection of pulnps  and assceititcd  hardware conlJmlmlts  were made based on
fivailabi]ity,  ability 10 meet scaled transfer rates and IIlatcrial  conlJJatibili[y.  ‘1’hc sclc.ctcd
hardware Jmrmits scale-up 10 ful] transfer rates using,  the same fanliJy of CxmlJmncmts.  A
mntrifugal  pump and a difiphrtigm  pump were each opmtcd  in a closed-loop circuit and
tcJnjwmt  ul c and pressure data were co] Icctcd  for cviil mt ion. Water hmnmc.r  tcs[s were
also conducted using a quick closing valve inserted into the test loop. Analyses of the
proJwlliint  were made to examine, for propclliint  defy adalion,  contaminant ion or
(lccolllll(Jsiti(~ll  as might  occur.

‘1’1{:S’1’  [: ONl~l(;l  Jl{A’I’lo  N” ANI) MIH’IIO1)S

Scaling  was cornplctd  101110 and 1/4 ttmdcl.v; sclmcd critical parmwtcrs were
C.x(z?i?dai  to case ob.wrwlion andpress  Ihe opcratirlg envelope.

II] fluid mechanics, true physical  modc]ing or scaling  depcnc]s  oJl both geometric
and dynamic similituc]c.  Mciisurcmcnts  made,  cm a ]Ii(dcl  fu]fi]ling these, rcquitmnmts
can thCll bC SCalCd up tO predict What wi]] occur ill thC fill] SCalC CICViCC. A ]/] oth SC[i](!
syslcm was desired 10 minimize the amount of Jwopcllant  rcquimct  to initiate testing. If,
then, il is desired tha[ the model CJNplOy 1()% of the “rcaJ”  flow, t}m model shouJd have
Jincar dimensions w}]ich arc 10%, of the “KM]” (Ic.vice. };urthcrmorc,  cormspondinf,
expressions for force, mass and tinic must be present to meet the corresJmnding  dynamic
SCillillg J]aramctcrs. However, pump nlcchanisms  ate geometrically coJnplcx and it
would be difficult, if not impossible, to contlo]  scaling using off-thcj-shelf cquiJmle.nt.
‘1’hereforc,  1/1 Oth scaling in aJJ dimensions and J)ammctcrs  was soug}lt  oJIly as
reasonably possible.

“]’his  approach offered the significant aclvantii~,c  of allowing rcadiJy avaiJablc
components rather than cllstol~~-lllacl~illccl  pieces. “J’hc aJ>J~aratus  was thcrcforc  casil y and
raJJi(i]y rcconfigurablc,  rC.Sll]ti  Ilg ill CollSidCI’(ib]C  WJving,s  it) cquiJmlcJlt  COSIS and  t ime . .
l:tlltl~cljllorc,  the siJlglc  tcs[  f ixture was adaptable to Jnore than one p u m p .

‘1’csts  were, not ]cstrictcd  to the scaled Jmint of opcralion,  lly varying the dynamic
]wamctcrs  of fluicl  velocity an(i pressure from lOWCJ- to higher, we could start a series of
tests in a prcdictabl  y safer region of oJ~cmt ion and tllcn proceed to the opcrat  ing limits of
the dc.vice. lkw exan~pJc,  matching mean velocity aJ)Jjloxin]atcly  models the behavior of
cavitation and water hatnmcr  effects of the full scale device. ];urlhcr increase of the flow
rcachcs into the dynamically scaled regime, where tm’bu]cnt  behavior and pressure.
distribution arc modeled in scalc41 fmhion. lncrctisc.d ftow also promotes cavit at ion
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cffcm and amplifies water hammer  cffcc[s,  making, thcm easier to observe.

At the conclusion of the task, a near l/4th scale system was achicvcci  through the
substitution of 1/2 in lines on the return si(ic of the pump.

A simukmt  wm idotlijkl to verify .TyLWvn  opcm(ion atuiprovidc  a safe flppromh 10
conjl.gurin.g  the tmt q)pamtu.v and cxpcrimcnts.

“J’o proof the system and dctcrminc operating, parmctcrs,  a suitab]c 1.1’ simulant
was identified to chmctcrim the trmsfer environment prior to the introduction of live
propellant lkmly-four percent aqueous monobasic sodium phosphate was selected on the
basis of density and viscosity and used to verify syslcJN Simi]itudc and safety.

l’rc,wirc  versus Wnpcrotwx projilm  were dcvclcymi  10 o,wi,rt  in dcjining inilifll  ,Vofct>’
criteria  for the test 6Jcvicc.

Additiona]]y,  a number of combustion bomb tests were conducted in an atmnpt to
dc.tcrminc pressure/temperature thresholds to bc avoided in the pump transfer system.
While these data suggest a ])ressl]rc/tcJ]~ J)crtitl]re  envc]opc,  JKJ corrdaticm may yet bc
drawn regarding the surface area to vo]uJne  ratio mquircd  to initiate a reaction for a given
J)ICSSUI’C. ] ~urthcr,  each piece of equipnwnt  sekctcd  for transfer application must bc
csm]uatcd for potential (icvclopmcnt  of heal  heating, (rtitc)  and resident time (capture) of
contaclc[i propellant.

‘J’wo pumps we~c selcctcd for testing, one cc.ntrifugal and one diaphragm, Both
wc.rc sc]ected based OJ) material compatibility y an(i p~c(iicted  abiiity to puJnp ].]’ at 5 gpJN.

]’articular  attention was ciirected  to pumps offering lninimum potential in (icvclopmcnt  of
local  “hot spots,” w}~ich  might serve to initiate an 1.P reaction. A brief dcscriptiqn  of
caeh pump is provided,

~C1ltrifUga]  I’LITII])  -- SCakSS,  magnetic CirivC.  ]’O]yprOpy]CnC coated tnaglEt.
l’orcclain spind]cs. Glass-filled polypropylene housing. Viton ()-rings. Ratc(i at 17
gpm with 115 VA~ motor operating at 3200 rpm,

l>ia~firactn  ]’uJnp  -- Air-cit’ivcn,  c]oub]e diaphragm. I>o]ypropy]enc boci y.
‘J’cflon  Pl~J’li  diaphragms. Variable flow by a(ijusting, inlet pressure. Rated at lzI gpm
with ] ()() psi in]ct pressure. A rC~Ll]akXi  nitrogen SOLII’CC was used to power the pump.

Each pump was selected off-the-shelf from a fatnii y of pumps affor~iing  scale-up
for fut m-c testing at the proposed opcrat  ional clclivcJ y mte of 50 gpm.

“1’he test appamtus  was essentially a closc(i-loop,  rccircu]ating  system consistit~g
of a 1-gallon (Iatcr increased to 2 gal ions) rmcrvoir  tank that served as both propc.]  i ant
(ionor and rcccivcr  during operation. ‘1’ypical volume in the system was about  3 liters.
‘1’hc  reservoir was fitted with a Ciown-tube to rc(iuce turbu]mce during the transfer
opcralion.  “1’his tube was removed in ]atcr tests to imcase turbuhmcc and a]]ow the
propellant to “foam,” thereby permitting a significant amount of air to bc entrainc(i in the
flui(i flow. ‘1’hc lid of the reservoir was provi(ie.(i  with a fitting to attach a nitrogen source
in order to purge the system anti provide the 1.1] with a nit rogcn blanket during test i Jig.
‘l-his safety precaution was removed as confi(icncc  in the propellant behavior grew.
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A 3/4 in o.d,. ahminum  tube served as the fed to the pump inlet and was fitted
for tcmpcraturc  and differcn[ial pressure conncctiol)s. ‘he pump outlet line was
basclined  at 3/8th in o.d, teflon tubing, again fitted for tcmpcraturc  and pressure
monitoring. Fittings and tubing conrmctors, as well as shut-off valves, pressure relief
valves, pressurv transducers and the remainder of the wcttcxi  parts were stainless SLCC1. A
quick closing valve was installed to conduct water hmmcr tests.

For all tests other  than water hammer, data was collected for pump output
pmsurc, differential pressure across the pump and fluid tmpcrature  at the inlet and exit
of the pump. For water hammer tests, pmsure data was collected for pump output
pressure and line pressure downstream from the quick closing valve.

Temperature data was collcctcd  using Type K thermocouples connected to digital
thm-momctcrs (Omega Model  2809). A Statham h40del  l’M-280T~  transducer conncclcd
to a Ileckman Model 600 digital readout was used to gather differential pressure data
across the pump. Pump head pressure and downs[rc.arn line pressure data were collcctcd
using a Tabcr Model 2] 7NA transducer conncctcd  to a Doric Model 420 digital readout.
All output signals were conditioned for input to an AS”J’ 486 computer running I.abvicw
software All tests were videotaped with particular attention directed to recording
propellant turbulence, frothing and foaming in the ~c,scrvoir  tank,

Figure 1 is a simple schematic of the test configuration.
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“7’hc limited mpply of 1.1’ required that propcllmu  be reused  in as many tests m possible.

IIccause of the limited amount of 1.1’ available (5 gallons), it was determined that
1 Y would bc reused so long as periodic sampling and analysis did not indicate adverse
propellant degradation. At the initiation of the pump transfer tests in earl y August, 3
liters of propellant was drawn from the 5 gallon container and a sample taken for analysis
to establish a refcrcrm.  Poll owing the first live propellant transfer tests in n~id-August,  a
sample of the used propcll ant was taken. Since no sif,nificant  degradation was noted
within the accuracy of the test m cthods,  the original pJ opcllant  was used for the duration
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of the test series, with small losses rcpl~ced  as required.

RKSIJ1,TS

Both the diaphragm and centrifugal pumps I)crfortr~cdI)redictably.  From ,Vort  duration
tests md rcd[~ccdprc,v.vurc,r,  1./’ rcrnoincd  well-bchowd to the maximum rated capabilities

of k pump. Excur.vions  into critical areas of operation were ,wJfcly  done.

Results are presented in graphic form, with those representations that best t ypify
the dala,

‘1’hc first series of tests utilized the diaphragm pump. As shown in the ljigurc  2,
over a long duration run of 84 minutes, the tcmJ>crature  rise was 17”~. ‘I’his duration
also included 2 stop periods of 10 and 7 minutes in which to observe possible reactions
in the test fixture. A significant amount of aeration due to splashing and turbulence in the
reservoir tank was observed. Examination of the data series show small pressure
fluctuations as evidence of air entrainment.

l~igure  3 illustrates the pressure pL]lscs  exhibited in the pump operation. Drive
pressure at the pump diaphragm was slightly over 100 psi, near the maximum ratccl
operating pressures. Data was collcctccl  at a rate of 100 samples/see.

A series of tests were performed with a quick closing valve to investigate the
water hammer effect. ‘1 ‘he valve was rcpctitcdl  y act i vatfd at intervals of three to five
seconds. As can be seen in Figure  4, single pulses with different peak pressures arc
oblaincd  (lcpcnding  on the moment the valve is ac!ivatcd.  A similar test series was
conducted in which the valve was activated 32 times in a 2 minutes period of operation.

Figure 5 displays an expanded single cycle of the effects of act ivat  ing the quick
closing valve. A clear reverberation attends the closing action of the valve,  an effect duc
to the non-rigid nature of the di aphmgm and the lines.

A closer view provided by liigure  6 indicates a maximum peak of about 165 psi.
I lowever,  it may bc noted that the peak appears slislltly  cropped, a truncating effect of
the rtitc of sample collection. ]ntcrpo]ation  of the da[a series yields a maximum pressure
peak of about 180 psi.

A twenty minute duration test run of a centrifugal pump (Iiigure  7) shows a
constant head pressure and differential pressure. A temperature rise of 2 to 3 “C is
exhibited. It should be noted that the pump output was about 2,2 gpm rather than the
desired 5 gpm rate. In later tests, the output line sire. was changed to 1/2 in, resulting in a
4.6 gpm rate.

Iiigure 8 displays a series of quick closing valve activations. Pressures rises are
very rcpeatab]c with the exception of the peak OCCUJI  ing at 18.5 sec. The tcmpcmt u m
peaks attendant with the opening of the c]oscd valve indicates a release of propc]lant
being heated in the pump. Roughly, a 4“C/min  rise in temperature is noted.

It also appears, as shown in Figure 9, that enough propellant is heated to pass
through the receiver tank and raise the indicated temperature at the pump inlet location.
‘1’bough this heating effect is rapidly dpmped out, it is clear that the overall tempC~~tUre
increase is duc in part to the heating 6f the propellant while the closing valve is activated.



CONCI, USIONS”

1.1’ can be pumped al scaled rates wilh off-l)lc-.v}tc~  )lard~jare.  I.P recirculated itl the Icst,s
shows no adverse cf’jcc~s.

1.P has been successfully pumpccl  at 1/1 O scale using available, off-the-shc]f
hardware. Appropriate scalable material is available to continue the transfer
investigations at larger or full scales.

An approximate 1/4 scale system was confi~ured  at the end of the test program
consisting of the cliaphragm  pump equipped with 1/2 in Ii ncs operated at maximum dri vc
prcssum  of 120 psi, A pumping rate of nearly 12 g,pm was achicvcd  for a 7 minute
period.

‘1’hc centrifugal pump was demonstrated at 2.2 gpm, with a pumping rate of 4.6
gpm achieved with 1/2 inch lines.

“J’hc diaphragm pump,..

-- has operated for nearly a total of 3 hours in pumping 1.1>. “1’otal residence time
of propellant in t}w system is about 40 hours.

.- raiscs the propellant to relatively high pressures (200 psi) in a stoppage
condition, but does not attain tempcratwc  ncccssary to initiate a reaction.

-- possesses an inherent safety feature in thfit the pump will stall at 1 pulse
following a stoppage condition.

T h e  ccntrifuga]pump . .

-- has operated for nearly a total of 3 hours in pumping Il. Total residcncc  time
of 1 Y in the system is about 26 hours.

-- rai scs the propellant to about 25 psi in a stoppage condition. Tempcrat uw
incrcascs arc apparent in a no-flow condition.

The I Y was recirculated and reused in all tests. Small losses (100-2.00 ml) upon
systcm emptying were rcplaccd  each test day. At least 1.2 liters of the 3.4 liters of u scd
1.1’ remaining has been circulated for 7 hours in the o])crating systems and exposed to the
system for about 66 }~ours  in a three month period, ICY> analyses show several ppm
increases in Al and Fe, not surprising with an aluminum inlet pipes and various stainless
steel components. F1’IR data am currently being rcvie.wcd.
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Figure 5. Diaphragm Pump. Pressure peak tit valve closure. Scan rate 100/scc
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